Abstract: We demonstrated a multiplexed fiber Bragg grating (FBG) sensor with static strain resolution of 10 nanostrain ðn"Þ for crustal strain monitoring. Each sensor unit consists of a pair of identical FBGs for strain sensing and reference, respectively. A narrow linewidth tunable laser is used to interrogate the FBGs, and a cross-correlation algorithm is incorporated to demodulate the wavelength difference induced by strain. When no strain is applied, an ultrahigh wavelength precision corresponding to strain resolution of 3.3 n" was obtained, indicating the ultimate resolution of the sensor system. With a variable strain applied by a piezo-stage, strain resolution of 17.6 n" was demonstrated. When the sensor is adopted for the in situ monitoring of crustal deformation, the strain induced by oceanic tide is clearly recorded with a resolution of 10 n", providing a potential tool for the geophysical measurements.
Introduction
In geophysical research, the measurement of crustal deformation is of great relevance for studies of earthquakes and volcanoes [1] , [2] . For those applications, strain sensors with a resolution on the order of nanostrain ðn"Þ in a static to low-frequency region are required. Conventional sensors for this purpose include extensometers and free-space laser interferometers. These sensors, however, are large in size, ranging from several tens to hundreds of meters in length, and thus difficult to be installed widely, especially in the deep underground. Moreover, because such a sensor can only give the integrated strain over its length, no spatially resolved deformation information can be obtained. On the other hand, fiber Bragg grating (FBG) strain sensors have well-known advantages such as small size, low cost, easy installation, high stability, and good linearity over a large strain range. They have already been widely adopted in applications like smart materials and structural health monitoring [3] , and are also very attractive for geophysical applications if they can provide the required strain resolution. FBG sensors have realized even better than picostrain ðp"Þ resolution in dynamic strain sensing [4] - [6] , but their performance is not so satisfactory for static strain measurement. The dynamic strain signal like vibration repeats itself periodically, so it can be selfreferenced. In contrast, the static strain signal rarely exhibits periodicity in the given time period, and the environmental interferences such as temperature change also falls into the static region. As a result, an extra reference has to be introduced in the static strain sensor, making it more complex than the dynamic sensor. The spectroscopic frequency associated with an atomic or molecular transition has been a popular reference for static strain sensing [7] - [9] , but this type of reference cannot compensate for the drift of the sensor head due to environmental interference, and the narrow bandwidth of the transition also limits the measurement range of the sensor.
Recently we have developed a high resolution FBG static strain sensor with large measurement range for geophysical applications. The sensor consists of a pair of identical FBGs for reference and strain sensing, respectively. A narrow linewidth tunable laser is employed to interrogate the FBGs, and the Bragg wavelength difference between the two FBGs is extracted with a crosscorrelation algorithm. When both FBGs were at relaxation without strain applied, an ultrahigh wavelength resolution corresponding to a static strain resolution of 3.3 n" was obtained, indicating the ultimate performance of the interrogation system. With a variable strain applied by a piezostage, strain resolution of 17.6 n" was demonstrated at laboratory. Then the sensor was adopted to measure the crustal deformation at Aburatsubo Bay, Japan. The strain induced by oceanic tide was clearly recorded with a resolution of 10 n", which is the first in situ demonstration of 10 n"-order static strain resolution with FBG sensors, to the best of our knowledge.
Methodology
The configuration of the sensor system for crustal strain monitoring is schematically illustrated in Fig. 1 . The sensor system has two sensor units interrogated by a narrow linewidth tunable laser using wavelength-division-multiplexing (WDM) technique.
Sensor Configuration
Each sensor unit consists of a pair of identical FBGs for sensing and reference, respectively. Although it is difficult to have FBGs with exactly the same parameters, the FBGs from the same batch can be regarded as identical. The sensor system works even the two FBGs have relatively large difference in nominal wavelength, spectral shape or temperature sensitivity, while the performance of the sensor will degrade accordingly. The sensing FBG is mounted on the measurand, and the reference FBG is strain-free, working as reference to distinguish the slow varying strain signal for the environmental disturbance like temperature drift which affect both the laser source and the sensor heads. The two FBGs are placed in close proximity so that they can have the same temperature. This condition is easy to satisfy in geophysical applications, because the sensor heads are usually installed in enclosed space underground with very stable environment temperature ðG 0:5 C/yearÞ. The wavelength of the narrow linewidth tunable laser sweeps to interrogate the FBGs, and the reflected lightwaves are measured by high-sensitivity optical power detectors. About 10% of the power from the laser source is diverted by a coupler (CP1) as a power reference for ratio power detection to eliminate the source power variation during the wavelength sweeping. A polarization scrambler (PS) is employed to eliminate the influence of polarization instability.
For either sensor unit, strain information is obtained from the Bragg wavelength difference between the spectra of the sensing and the reference FBGs, so the sensor is immune to the long term wavelength drift of the laser. The two FBGs have the same nominal Bragg wavelength in order to eliminate the influence of wavelength nonlinearity during laser wavelength sweeping. The maximum reflection of the FBGs is chosen around 70%, considering both bell-shaped spectral profile and high reflection. According to the analysis on this type of sensor, FBGs with bell-shaped spectral profile is more suitable compared with high reflection FBGs [10] .
Cross-Correlation Algorithm
While the wavelength of the tunable laser sweeps over the principal peaks of the FBGs' spectra, the reflectivity of FBGs are sampled as a discrete sequence of Rð i Þ with a wavelength step of d . Considering one sensor unit, the reflectivity of the sensing FBG is labeled as R S ðÞ, while that of the reference FBG is labeled as R R ðÞ. Assuming that the two FBGs have the same spectral shapes when the sensing FBG experiences strain, the reflectivity satisfies
where Á is the wavelength shift caused by strain, and ¼ Á=d is the corresponding index shift. We use a cross-correlation algorithm to retrieve the Bragg wavelength difference Á from the measured spectra, because of its advantage in suppressing random noise [10] . Once the spectra of the sensing and reference FBGs are recorded, their cross-correlation product is calculated as
In (2), it is assumed that both R S ð i Þ and R R ð i Þ are equal to zero if the indices lie outside their ranges. This assumption is acceptable as long as the laser sweeping range covers the whole principal peaks of both FBGs. According to the properties of cross-correlation, CðjÞ has the maximum when the two spectra overlap, i.e., j ¼ . Inversely can be demodulated from the index where CðjÞ reaches its maximum. Due to the random errors in the measured spectra, the retrieved deviates from Á=d , and the deviation range determines the resolution of the sensor. It should be mentioned that although the index of maximum of CðjÞ is an integer near , can be precisely calculated either by interpolation or by curve fitting around the maximum of CðjÞ. Fig. 2 shows an example of calculating Bragg wavelength difference using the cross-correlation algorithm. Fig. 2(a) is a group of measured spectra of the FBGs used for crustal strain monitoring (sensor unit No. 1 in Fig. 1 ). The normalized cross-correlation curve is shown in Fig. 2(b) . Parabolic curve fitting is implemented around the peak of the curve to determine the position of the maximum, which is exactly the Bragg wavelength difference between the two FBGs.
The cross-correlation algorithm is a weighted average in nature, where the high reflection part of spectrum has larger weight in the detection of Bragg wavelength difference, and the low reflection part has smaller weight. This algorithm achieves good balance between utilizing all the sampling data and suppressing the associated noises, and it is robust and tolerant of different shapes of FBGs' spectra.
Laboratory Validation
Before the FBG sensor system was put into practice, its performance was validated in the laboratory. The system configuration for validation was similar to that in Fig. 1 , while only one pair of FBGs was used.
Laboratory validation was carried out without and with strain applied, respectively. First, both FBGs (fabricated by Fujikura Ltd.) were put in relaxation without strain applied to ascertain the ultimate resolution of the sensor system. A narrow linewidth tunable laser (Agilent 81680A, linewidth 100 kHz) was used to interrogate the FBGs with output power of about 0.1 mW, and the reflected lightwaves were measured by power detectors (Agilent 81634B). Both the laser and detectors are installed in a mainframe (Agilent 8164A), controlled by a personal computer (PC) via GPIB interface. The bandwidth (full width at 1/e maximum) of the FBGs was about 56 pm, and the laser wavelength sweeping range was 91 pm to cover the principal reflection peaks of FBGs. The laser wavelength was swept with a step of 0.1 pm, taking about 15 minutes to complete a sweep. The Bragg wavelength difference between the two FBGs was then calculated from the measured spectra after each sweep. The measured wavelength difference over 24 hour is shown in Fig. 3(a) . The data fluctuate due to systemic noises and ambient interference, and this is the reason for the resolution limitation of the sensor system. The slow drift of curve is possibly caused by the tiny temperature difference between the two FBGs as the temperature increased by 1 C during the experiment. The measured wavelength difference has a standard deviation of 3.1 fm over 24 hours, much smaller than the wavelength step of the tunable laser. The strain sensitivity of the FBG is tested to be 0.93 pm=", so a static strain resolution of 3.3 n" is achievable with this interrogation system.
There are a couple of reasons for the sensor to achieve n" strain resolution (fm wavelength resolution) by using a wavelength sweep step of 0.1 pm. First, the obtained spectra of the FBGs in each measurement are formed by hundreds of independent samples of Rð i Þ during the laser Fig. 1. (b) The corresponding cross-correlation curve of the spectra. The Bragg wavelength difference is calculated to be 0.142262 nm.
wavelength sweeping. Because the spectral profile of the FBG is smooth with bandwidth much larger than the wavelength step, the profile can be recovered exactly according to the NyquistShannon sampling theorem, and then the peak of the profile can be determined with a resolution much better than the sampling interval, where interpolation or curve fitting can be used. Second, a cross-correlation algorithm is employed to calculate the Bragg wavelength difference directly from the measured data. The resolution of the FBG sensor is determined by the random errors in the measurement of wavelength i and the corresponding reflection R. The cross-correlation algorithm has good ability in suppressing the associated noises with the obtained samples of Rð i Þ to give a high wavelength (strain) resolution. A theoretical analysis on the resolution of this type of FBG sensors can be found in [10] .
Then a piezo-stage (PI 752) was employed to supply a variable strain to the FBG sensor. The sensing FBG was mounted between a manual stage and the piezo-stage, and the reference FBG was mounted between two manual stages with a fixed strain. The laser and power detectors were the same as above, but the measuring period was reduced to several seconds by employing a continuous sweeping mode of the laser. A piezo-driver (PI E625) is employed to apply a switching strain to the sensing FBG with amplitude of 100 n". At each strain level the measurement of the sensor system was repeated for 5 times with an interval of 20 s. A part of the measured data is shown in Fig. 3(b) . The blue line is the applied strain by piezo-stage, calculated from the readout of the integrated displacement sensor in the piezo-stage. The black line is the measured Bragg wavelength difference between the FBGs, accurately following the applied strain change. At either applied strain level, the measured wavelength difference fluctuates due to the noise in the sensor system and ambient disturbance, and the strain resolution is calculated to be 17.6 n" over 5 h. The degradation of strain resolution was believed mainly limited by the instability of the piezo-stage.
Field Deployment
After the laboratory validation, the FBG sensor system was implemented to measure the crustal deformation at Aburatsubo Bay, at the tip of Miura Peninsula, Japan, which is about 60-km southwest of Tokyo and is surrounded by Pacific Ocean except on its northern side. As shown in Fig. 4 , a vault was built on the coastline and situated under a cliff about 10-m high. As the oceanic tide level varies, the pressure of the water on the sea bed changes accordingly, resulting in a deformation of the rock mass. Silica tube extensometers with length of 38 m have been installed in Section A of the vault for strain measurement since 1976, which provide a comparison for our measurement with FBG sensors [11] .
Two FBG sensor units (No. 1 and No. 2 in Fig. 1 ) were mounted inside Section B of the vault, as shown in Fig. 4 . Each sensor unit consists of a commercially available FBG strain gauge (Micron Optics, os3600) and a reference FBG (fabricated by Fujikura Ltd.). Both of the 1-m long strain gauges were previously mounted between two steel anchors fixed about 30-cm deep into the rock bed. The nominal Bragg wavelengths are 1537 nm and 1556 nm for the two FBG strain gauges, respectively.
The developed FBG strain sensor has the best performance when the sensing and the reference FBGs have identical parameters, which is not a problem if the FBGs can be selected before experiments. In our field experiments, however, FBG strain gauges were previously installed, so we have to custom the reference FBGs according to the parameters of the existing sensing FBGs. The spectra of the sensing FBG and the customed reference FBG in sensor unit No. 1 are shown in Fig. 2(a) . They have very similar spectral shape, and the tiny temperature sensitivity difference (10.1 pm= C for the sensing FBG, 10.003 pm= C for the reference FBG) is ignored in this experiment. A compensation on the difference of temperature sensitivity will further improve the performance of the FBG sensor, especially the long term stability.
The spectra of all the four FBGs have smooth spectra shape with bandwidth of 0.22 AE 0.02 nm, broader than that of the FBGs used in laboratory validation. According to the analysis on the performance of this type of FBG sensor [10] , the resolution of this sensor system is mainly limited by the wavelength repeatability of the laser. FBGs with broader bandwidth work better to suppress the effect of wavelength repeatability, and can theoretically provide higher resolution.
The sensor configuration is the same as illustrated in Fig. 1 . The distance between the two sensor units is 5 m, and the units are connected by 10-m long fibers. 25-m long fibers are used to connect the interrogation system and the first sensor unit. The interrogation system is in another sealed section of the vault, capable of continuous measurement for several months without maintenance. The narrow linewidth laser scans the two sensor units sequentially using WDM technique with a interval of 1 min. The long term stability of the sensor system is still under investigation, while the high static strain resolution has already been demonstrated. Parts of the in situ experimental results over one week (June 6-13, 2011) are shown in Fig. 5 . Fig. 5(b) probably reflect differences in deformation at the FBG mounting locations. If so, the results suggest the feasibility of measuring the distribution of rock mass deformation with high spatial resolution and low cost. Fig. 5(c) shows the data from the 38-m-long extensometer. Although the measured strain information is slightly different between the extensometer and the FBG sensors due to their different mounting spots and methods, we can use the data given by the extensometer to evaluate the resolution of the FBG sensors. Fig. 5(d) plots the comparison of the measured strain given by FBG No. 2 over a day and that by the extensometer for which the amplitude is scaled by a factor of 0.76 and the offset is adjusted for comparison. The measured strain by the FBG sensor fluctuates against that by the extensometer with a standard deviation of 9.8 n". This is the first in situ static strain measurement of 10-n" order resolution with FBG sensors, to the best of our knowledge.
Compared with the extensometer, the FBG sensor has comparable strain resolution with much smaller size and lower cost. The small size not only reduces the difficulty and cost for mounting, but also making the quasi-distributed static strain measurement possible, especially the FBG sensors are good at multiplexed sensing. Better strain resolution is expectable if the sensing and reference FBGs are well matched in the following experiments. With the above characteristics, our FBG sensor shows a great potential for the geophysical applications.
Conclusion
In conclusion, we demonstrated a multiplexed FBG sensor system with a static strain resolution of 10 n" in geophysical measurements. A strain-free FBG identical to the FBG sensor head was used as the reference, enabling compensation of the drift from both the laser source and the sensor head. A cross-correlation algorithm was employed to extract the Bragg wavelength difference, i.e., the strain information, from the reflected spectral data of the FBGs, while suppressing the common random intensity and frequency noise and/or disturbance. With this sensor system at Aburatsubo Bay, Japan, the crustal deformation induced by oceanic tide is clearly observed with a static resolution of 10 n", which is comparable with traditional extensometers of much larger size. This technique provides a potential tool for geophysical applications.
